of REs emitting at 1525 nm. To ensure that only SWIR light was detected, an 1100 nm filter was installed on the InGaAs camera. In parallel, an 808 nm source was used for a NIR wavelength comparison. An 850 nm shortpass filter was installed on the camera to ensure detection of only NIR light. Prior to the application of phantoms, the intensity of 1525 nm emission and 808 nm sources, as detected by the InGaAs camera image analysis software, was adjusted to be equivalent. The image analysis software was used to image the degree of scattering with increasing phantom depth.
Supplementary Figure S6 -Experimental setup used to evaluate the penetration depth of
SWIR and NIR light -Schematic of the experimental setup used to determine the degree of penetration of SWIR and NIR light through agarose tissue phantoms made with Intralipid scattering and India ink absorbing agents. A 975 nm excitation source was used to irradiate a pellet of REs emitting at 1525 nm. To ensure that only SWIR light was detected, an 1100 nm filter was installed on the InGaAs camera. In parallel, an 808 nm source was used for a NIR wavelength comparison. An 850 nm shortpass filter was installed on the camera to ensure detection of only NIR light. Prior to the application of phantoms, the power output of 1525 nm emission and 808 nm sources was adjusted to be equivalent (~30µW). The InGaAs camera image analysis software detected any optical signals that were able to penetrate through the tissue phantoms.
Supplementary Figure S7 -Image processing workflow -
The SWIR video files obtained from our imaging system (bottom right corner) were processed using a series of MATLAB algorithms to generate a background-corrected heatmap of fluorescence distribution in the animal. Two sets of videos were captured for each animal: pre-and post-nanoparticle injection scans. These videos were processed using the VideoMax.m algorithm, which generates a single image composed of the highest intensity pixels of SWIR fluorescence. The BackgroundSubtraction.m algorithm is then applied to subtract any background SWIR fluorescence from the post-injection images, which was generally non-existent or negligible.
The HMap.m algorithm is used on the background-corrected images to apply a color heat map of fluorescence. In parallel, single-frame SWIR images of the mice were captured under ambient light conditions to generate a backlit image. The contrast of the backlit images was enhanced and merged with the appropriate heat maps to generate the final images. 
Supplementary

SUPPLEMENTARY METHODS
Synthesis and characterization of rare earth nanoprobes
NaYF 4 :Yb-Ln (Ln = erbium (Er), holmium (Ho), praseodymium (Pr) and thulium (Tm)) nanoprobe powders were prepared using either a solvothermal decomposition or hydrothermal method. Pellets were made using REs prepared by solvothermal decomposition. Approximately 0.2 g of freeze-dried RE powder was pressed (Carver Laboratory Press, Menomonee Falls, WI) with 2 tons of force to create a 2 cm pellet.
Er-doped nanoprobes (REs) used for albumin encapsulation and in vivo imaging studies were synthesized through solvothermal decomposition of rare earth trifluoroacetate precursors in were mixed in 20% ethanol. The mixture was then heated at 240° C forming particles which were then washed three times in ethanol followed by three times in deionized water by centrifuging at 10,000×g (Beckman Coulter Inc.), and dried at 70°C in an oven (Thermo Scientific Thermolyne, Waltham, MA).
REs were visualized by using a transmission electron microscope (TEM) (JEOL 2010F, Tokyo, Japan) operated at 200 k. REs were washed after synthesis, resuspended in toluene, and deposited on a 400-mesh Formvar-backed carbon-coated copper grid (EMS, Hatfield, PA). To determine the number average size of REs, the diameters of approximately 100 particles were measured from TEM images.
Optical efficiency measurements
Previous work has demonstrated optical efficiency (OE), which is defined as the ratio of emitted to incident power, can be used to measure the relative emission intensity of the REs 21 .
Briefly, an integrating sphere (Hamamatsu, Bridgewater, NJ) was set up in the reflectance mode to measure total integrated reflectance of a pressed phosphor pellet (2 cm diameter, ~0.2 g). The PD300-IR power detector (Ophir-Spiricon, Logan, UT) which measures the power of emitted light was used in place of the photomultiplier tube that was originally on the C9220-03 quantum yield measurement system.
To compare the emission performance of various SWIR-emitting fluorescent materials Ho-and Er-doped phosphors), the materials were first dissolved in toluene at 20 mg ml -1 and excited by either 975 nm or 808 nm light at the same power. The average (n=3) SWIR output power was measured using an integrating sphere. In addition, images of emissions from the SWIR-emitting materials were also captured using an InGaAs SWIR camera (Goodrich, Princeton, NJ) fitted with bandpass optical filters (ThorLabs, Newton, NJ) to eliminate detection of the excitation sources.
Images of visible emissions from phosphors
Images of various formulated phosphors in cuvettes were taken using a digital camera (Canon Powershot SD780IS, Lake Success, NY) after excitation with an infrared laser diode (WSTech, Toronto, Ontario) operating at 980 nm and 100 mW. Rare earth probes were dispersed using an ultrasonic water bath for 30 min in DMSO at various concentrations (Er and Ho = 1 mg ml -1 , Tm = 4 mg ml -1 , Pr = 10 mg ml -1 ). The visible emission was captured during excitation.
Tissue attenuation and scattering measurements
To measure the tissue transmittance of SWIR compared to visible light, optical efficiency measurements were performed using the infrared and visible emission of a pressed pellet of RE (RE)ANC were purified by three rounds of centrifugation at 8,000×g and 48,400×g for 8 min at 4°C (Beckman Coulter, Avanti J-E Centrifuge) for (RE)ANCs formed under 12 mM and 2mM NaCl conditions, respectively. Following centrifugation, nanoparticles were washed and redispersed with PBS. The last redispersion step concentrated the nanoparticles to x10 in PBS.
Redispersion was performed in an ultrasonication bath (Fisher Scientific, FS60) for 15 min.
(RE)ANCs size and surface characteristics from at least four separate batches of particles were measured and averaged using a Malvern Zetasizer Nano (Zen 3690, Malvern, Worcestershire, UK). Samples were diluted 1:50 in deionized water for z-average size and polydispersity measurements and diluted 1:50 in PBS (pH 7.4) for zeta potential calculations. Zaverage sizes and polydispersity indices of three sequential scans (3 runs scan -1 , 60 s scan -1 ) were measured at a 90° scattering angle at 37°C. Z-average potential calculations were also performed over three sequential scans (20 runs scan -1 , 10 s scan -1 ) using the Smoluchowski model.
For determination of particle protein content in (RE)ANCs, samples were diluted 1:5 in PBS and assayed by bicinchoninic acid (BCA; Pierce Chemical Co., Rockford, IL) using bovine serum albumin as a standard.
(RE)ANCs were visualized with the SEM (Carl Zeiss Σigma) operated at 5.0 kV with working distance of 10 mm using the secondary electron detector. Lyophilized (RE)ANCs (Virtis Benchtop K series, Virtis, Gardiner, NY) was deposited on an aluminum sample holder coated with double-sided carbon tape. The powders were also sputter-coated with gold using a Balzers SCD 004 Sputter Coating Unit (Balzers, Liechtenstein).
Determining core REs in (RE)ANCs
The number of RE nanoparticles in the (RE)ANCs was determined by the viscosity-light scattering method. 31 Briefly, the viscosity measurements of (RE)ANCs over a wide range of concentrations were measured using a rheometer (Kinexus Ultra, Malvern, Worcestershire, UK) and fitted to the Einstein viscosity equation to determine the volume fraction of nanoparticles.
The number of (RE)ANCs per volume is equal to the volume fraction divided by the volume of the (RE)ANCs as determined by DLS. To calculate the mass of a single RE, the particle size was assumed to be 10 nm and density of NaYF 4 = 4.21 g cm -3 . The concentration of REs in the (RE)ANCs was determined by ICP-MS and was used to calculate the number of REs per (RE)ANC.
Optical signal phantom and in vivo studies
SWIR signal linearity was tested using 1% agarose phantoms containing no absorbing or scattering agents. REs were ultrasonicated in a water bath for 30 min and serially diluted in a 96-well plate at concentrations of 250, 62.5, 31.3, 15.6, 7.8, 3 .9 and 0 μg ml -1 . Approximately 200 μL of warm agarose was then added to 50 μL of diluted REs. Wells were irradiated and signal quantified from collected images using an InGaAs camera with the filter sets described earlier. Measurements were repeated in a triplicate set of wells.
For in vivo studies, REs were mixed with Matrigel (BD Biosciences, San Jose, CA) 1:1 and injected subcutaneously into TGS mice. Approximately 50 μl of the mixture was injected into loose skin over the flank and neck of the animals. Animals were irradiated with 980 nm light and images were quantified as described previously. Data from three sets of mice were averaged for each injected concentration.
Statistical methods for data analysis
In general, data were summarized and presented as the average ± standard deviation (s.d.)
or standard error (s.e.m.) for three repeated measurements (n=3) at the same conditions (unless stated otherwise in the protocol) for each set of experiments. Statistical analysis of data for the tumor accumulation studies was performed with one-way analysis of variance (ANOVA) with Tukey post-hoc testing and two-tailed Student's t-test for tissue transmission comparisons between SWIR and visible light. P-values less than 0.05 were considered significant. Linear regression with an apparent fit was performed to determine the signal linearity in Supplementary   Figure S5 (i.e. log2 of signal-to-background ratio vs. concentration data) using Origin Software.
Imaging prototype
An in-house prototype of a small animal SWIR-imaging system was utilized to investigate use of the nanocomposites for noninvasive fluorescence imaging. The SWIR-imaging prototype consists of fiber-coupled NIR laser photodiode which operates at 980 nm and 1.4-1.5
W, and an InGaAs camera (Goodrich, Princeton, NJ) positioned at fixed height of approximately 12 in above the object. A collimator with a numerical aperture (NA) of 0.25 and focal length (f) of 37 mm (Thor Labs, Newton, NJ) was attached to the excitation fiber to enable a uniform and constant excitation beam radius which is independent of the distance between source and animal subject. The animal was irradiated with approximately 0.13-0.14 W cm -2 of 980 nm light.
During the imaging, the excitation fiber was held within 12 in above the animal and slowly scanned across the animal's body. The distance of the fiber above the animal was within the limits where the incident beam remains collimated. Any SWIR emissions are then captured in real-time at 19-22 frames per second by the SWIR camera positioned above the animal. Optical filters were fitted to eliminate detection of the NIR excitation source and confidently determine that only the SWIR emissions were captured. An incandescent Xe flashlight (Mini Maglite AACell Flashlight, Maglite, Ontario, CA) was also used to provide SWIR backlight to partially resolve the location of the mouse. Finally, black Neoprene rubber or a latex-paint-coated cardboard was used as the surface onto which the mouse is placed to reduce the amount of ambient reflected light. Acquired SWIR video files were processed using MATLAB to generate a background-corrected heat map of fluorescence distribution in the animal.
Imaging signal processing
Acquired SWIR video files were processed using a series of MATLAB (Mathworks, To create a heat map, each grey level in the VideoMax_adj image is assigned an RGB value on a gradient. In Adobe Photoshop, the black pixels were removed and any remaining color pixels are overlaid on the contrast enhanced backlit infrared image to yield the final image.
For further enhancement of low intensity images, Photoshop is used to convert the VideoMax_adj image to a tritone image of black, red, and yellow inks, with each ink curve adjusted as to create a smooth black-red-orange-yellow gradient across low grey value intensities. The intensity values are then linearly mapped from 0-255 to 3-115, which was found empirically to give the best contrast and least noise. To create the final image, a low radius
Gaussian blur is applied to remove noise, and the non-black pixels of the image are overlaid on the contrast enhanced back-lit infrared image.
In order to quantify fluorescence, ImagePro was used to select areas of fluorescence and report the average intensity of all selected pixels. For each image, the average intensities of fluorescent regions of interest (ROI) are measured, and the average intensity of the nonfluorescent background is subtracted from each value.
In vitro cytotoxicity
Clonetics® normal neonatal human epidermal melanocytes ( well of the assay plate containing the samples in culture medium (100 µL). The plates were incubated for 4 h at 37 °C in a 5% CO 2 atmosphere. Background absorbance was corrected by preparing a set of control wells without cells containing the same volumes of culture medium, test sample, and MTS reagent. All measurements were carried out in quadruplicate.
Quantitative biodistribution analysis
The yttrium content of digested organs taken from mice was quantified using a Thermo X series II ICP-MS (Thermo Scientific, Waltham, MA) to determine particle concentration after injection. All samples were digested in 16 M nitric acid (Fisher Scientific, Waltham, MA) and evaporated to dryness, then reconstituted in 10% nitric acid to account for differences in sample volume. The yttrium content of digested organs was quantified using a Thermo X series II ICP-MS (Thermo Scientific, Waltham, MA) to determine particle concentration in the organs. Count rates for yttrium were correlated to parts per billion using a standard curve generated with a yttrium standard (Sigma-Aldrich, Allentown, PA).
